The nucleotide sequence of the PH05 gene of the yeast, Saccharomyces cerevlelae, which encodes repressible acid phosphatase (APase) was determined. Comparison of N-terainal amino acid sequence deduced from the nucleotide sequence with that of the purified repressible APase revealed the existence of a putative signal peptide in the precursor protein. The signal peptide was shown to contain 17 amino acid residues and its structural features were quite similar to those of higher eukaryotic and prokaryotlc signal peptides. The nucleotide sequence of 5' and 3' noncoding flanking regions of the PH05 gene are also discussed.
INTRODUCTION
The yeast Saccharomyces cerevisiae has two types of acid phosphatase (EC 3.1.3.2): one Is constitutive and the other is repressible by inorganic phosphate (Pi) (1) . Two of the structural genes for these enzymes are genetically identified as PH03 and PHO5, respectively (2, 3) . The expression of these genes are regulated by a complex genetic system including both negative and positive regulatory factors (1, 3, 4) . Mapping of these genes has revealed that the PH03 and PH05 genes are linked (5) and locate on chromosome II (1) . Recently, the PHO3 and PH05 genes have been cloned from the yeast gene banks (6, 7, 8) and a partial nucleotide sequence of the PH05 gene were reported (7) .
The repressible acid phosphatase (APase) coded by the PHO5 gene is glycosylated during secretion across the membrane and is localized at the periplasmic space (9) . Investigations on secreted proteins of prokaryotes and eukaryotes have revealed that a secreted protein Is synthesized as a precursor containing an extra peptide chain at the N-terminus of its mature form and the extra chain is cleaved during the secretion across the membrane (10) . Characteristics of the signal peptides are well defined by Inouye and Halegoua (11) based on the study of an E_. coli envelope protein. In the case of £. cerevisiae, however, the existence of the signal peptide in the protein has been predicted for invertase, one of the proteins localized in the periplasmic space (12, 13) .
To study the secretion mechanisms of proteins in yeast, we have attempted to characterize the structure of the repressible APase at both the gene and protein levels. This paper describes the nucleotide sequence of the PH05 gene encoding a putative precursor consisting of 467 amino acids. From the results of nucleotide sequence and N-terminal amino acid sequence of the mature protein, it is indicated that a peptide consisting of 17 amino acids is a signal peptide. In addition to that several features of 5' and 3' noncoding flanking region are discussed.
MATERIALS AND METHODS
Bacterial and yeast strains. Escherlchla coli strain JA221 (recAl leuB6 trpE5 hsdR hsdM lacY) (14) was used as a bacterial host. Saccharomyces cerevislae XP3-7A (MATa Ieu2 his4 trpl pho5 pho3) was constructed in our laboratory.
Media. YPD medium contains 2 Z polypeptone, 1 Z yeast extract, 2 Z glucose. Low Inorganic phosphate (Pi) medium was prepared by treating YPD medium with MgSO, and aqueous ammonia (15) Zymolyase-60,000 was purchased from Kirin Brewery Co. Other enzymes and 32 reaction buffers were previously described (17) . T-P ATP (5000 Ci/m mole) and a-P dNTP (3000 Ci/m mole) were from Amersham. Plasmids used in the studies reported here were constructed as follows (Fig. 1) . The plasmid, pYE2O7, was constructed by llgating pBR322 linearlized by Hindlll with the 3.2 kb Hindlll fragment of pJDB219 (19) containing the LEU2 gene of S^. cerevisiae and one of inverted repeat sequences of 2 urn DNA (20) . To construct the pYE227 plasmid, pYE207 was partially digested with Hindlll and was filled in with T, DNA polymerase and dNTP. The plasmid, pYEHOl, was constructed by inserting the 3.2 kb BamHI fragment from pPHO5 into the BamHI site within the tetracycline resistance gene (Tc r ) of pYE2O7. To obtain the pYE1151 plasmid, pYE227 was digested with Hindlll and the generated cohesive ends were filled in with T, DNA polymerase and dNTP. After BamHI digestion, the large BamHI-Hindlll filled in fragment and 2.0 kb BamHI-Hpal fragment from pYEHOl were ligated by T, DNA ligase.
Yeast transformation. Transformation to the yeast strain was carried out by the procedure of Beggs (19) with one exception that Zymolyase-60,000 was used instead of Helicase.
Nucleotide sequence analysis. Determination of DNA sequence was performed by the method of Maxam and Gilbert (21) or dideoxy chain termination method by using bacteriophage M13 system (22) . Labeling of 5' 32 end was carried out with polynucleotide kinase and T-P ATP and labeling of 3' end was done with T, DNA polymerase and a-P dNTP. This discrepancy may be due to the difference of the donor strains used. As pPH05 was unstable in the yeast cell, the pYEHOl plasmid was constructed by inserting the PHO5 gene into the BamHI site of pYE207 (Fig. 1) . The LEU + transformants, XP3-7A7pYE1101, were all stable and also showed phosphatase activity. The restriction map of the 3.2 kb BamHI fragment is shown in After the deglycosylation of the purified repressible APase with End H, SDS gel electrophoresis was carried out. The results showed a single protein band whose molecular weight was estimated to be approximately 60,000 (Fig.   3 ). An aliquot of the purified APase was used to determine the N-termlnal amino acid sequence by Edman degradation. The sequence, H-Gly-Thr-Ile-ProLeu-Gly-Lys-Leu-Ala-X-Val-, was obtained, where the tenth residue (X) could not be determined. The same sample was used to analyze the amino acid ft n r n Figure 3 . SDS polyacrylamide gel electrophoresis of the repressible APase. The purified APase was submitted to the gel electrophoresis before or after End H treatment (D or C, respectively). Standard proteins used were rabbit muscle phosphorylase b (94K dalton), bovine serum albumin (67K dalton), beef liver catalase (60K dalton) and egg white ovalbumin (43K dalton), which _ , were loaded on columun A and B.
60k-•-43k-composition of the repressible APase and the result is cited in Table 1 .
DNA sequence analysis of the PHO5 gene
From the nucleotide sequence, it was found that a long open reading frame containing 1,404 bp was located on the 2.0 kb DNA fragment between BamHI and Hpal site. The initiation codon (ATG) was located between 542-544 bp from one of the J BamHI sites and the termination codon (TAA) was located between 1,943-1,945 bp from the same BamHI site (Fig. 4) . From these findings, the coding sequence of the PHO5 gene was determined as shown in Figure 4 . The same amino acid sequence as that determined from the purified APase was found in the coding sequence at the amino acid position from +1 to +11 (Fig. 4) . This indicated that 17 amino acids from the methionine residue (-17 in Figure 4 ) to alanine residue (-1 in Figure 4 ) are a putative signal peptide of the repressible APase (see below).
The nucleotide length of the coding region shown in Figure 4 was consistent with the facts that transformant of the pYE1151 plasmid which contained the 2.0 kb fragment between BamHI and Hpal site showed the APase activity and that the size of the mRNA was about 1,500 nucleotides (8) .
Furthermore, the amino acid composition predicted from the nucleotide sequence was in good agreement with that obtained from the purified repressible APase (Table 1) . Based on these results, we concluded that the PHO5 gene contained no intervening sequence.
The nucleotide sequence shown in Figure 4 revealed that the repressible APase contained 450 amino acid residues and its molecular weight was calculated to be 51,264. The discrepancy of molecular weights obtained from the SDS gel electrophoresis (Fig. 3) and DNA sequence data is probably due to slower migration of the protein retaining N-acetylglucosamine residues that remained after End H treatment (see discussion).
The nucleotide sequence suggested that the repressible APase is synthesized as a precursor which has a peptide extension of 17 amino acids at the N-terminus of the mature protein, because the ATG initiation codon exists at the position of 51 nucleotides upstream from the codon for glycine, GGT, which is the N-terminal amino acid of the mature form (Fig. 4) . This strongly suggests that the peptide composed of 17 amino acids is a signal peptide of the repressible APase and is cleaved off during translocation across the membrane to yield the mature secreted enzyme. The putative signal peptide contained 11 hydrophobic amino acids including N-terminal methionine.
The third amino acid from the N-terminus of the signal peptide was a basic amino acid, lysine, and one at the cleavage site was alanine which had one carbon side chain. These features are similar to those of mammalian and bacterial signal peptides (11) .
Yeast mannan proteins are generally glycosylated in the membrane fraction (27) and so is the repressible APase (16). Mizunaga and Noguchi showed that mannan chains were attached to the repressible APase at about ten sites (16) . In N-glycoside-type glycoproteins, oligosaccharide is linked to the asparaglne residue which is included in the sequence of Asn-X-Thr or Asn-X-Ser (X is any amino acid residue) (28) . From the number of such amino acid sequences in the repressible APase (Fig. 4) , we assumed that glycosylation will take place at 12 positions . This number is well coincident with that given by Mizunaga and Noguchi (16) , which was estimated by SDS gel electrophoresis. Table 2 . Bennetzen and Hall (29) have shown that 25 out of 61 coding triplets are preferentially used in S_. cerevisiae. The degree of usage for these preterred codons varies from greater than 90Z for glyceraldehyde-3-phosphate dehydrogenase, enolase and alcohol dehydrogenase i8oenzyme I to less than 20 Z for iso-2-cytochrome c (29) . They have also shown that the degree of bias for these preferred codons is correlated to the amount of its mRNA in the cytoplasm (29) . In the PH05 gene, the degree of bias for the preferred codons was 56Z, although the amount of its mRNA was not known. Figure 4 . Kozak (30) showed that the sequence, -3
A (or G) X X A U G G, surrounding the translation initiation codon was favored for eukaryotic initiation. On the other hand, Dobson et al. (31) suggested that efficient translation of yeast mRNA depended on a purine residue (usually A) at position -3 and a pyrimidine (usually U) at position +6. The PH05 gene, however, contains a cytosine residue at position -3 and pyrimidine residues (U) at both positions +4 and +6 (Fig. 4) . (Fig. 4) .
In higher eukaryotes, a pyrimidine-rlch region surrounding a single adenosine residue about 30 nucleotides downstream from the TATA box is believed to be the starting site for transcription (capping box) (32) . Such a sequence as TTCATCTCT was found at position -59 to -51, 42 bp downstream from the TATA box in the PHO5 gene (Fig. 4) . The hexanucleotide CACACA has been found close to the translational initiation codon in several strains of . cerevisiae (35, 36) . In the case of the PH05 gene, an unique sequence, CAACAACAAA, was found 27-36 bp upstream from the initiation codon (Fig. 4) .
Similar sequence, CAACAAA, was found 10-16 bp upstream from the initiation codon of the phosphoglycerate kinase gene (31) .
In 3' noncoding flanking region, the sequence, AATAAA, is suggested to be necessary for polyadenylation of late SV40 mRNAs (37) . In addition, Zaret and Sherman have suggested that the consensus sequence, TAG...TAGT(or TATGT)...TTT plays roles in transcription termination and polyadenylation based on the study of cycl mutant of ^. cerevisiae (38) . In the PHO5 gene, the sequence, AATAAA, was found 9-14 bp downstream from the termination codon (Fig. 4) . The sequence, TATGT and TAGT, were found 57-61 bp and 64-67 bp downstream from the termination codon. The sequence TAG, was also found 88-90 bp downstream and the sequence TTT, was found 168-170 bp downstream from the tenninaion codon (Fig. 4) . In conclusion, the sequence proposed by Zaret and Sherman (38) occurred in an incomplete form at 3' noncoding flanking region of the PHO5 gene in addition to the AATAAA sequence.
DISCUSSION
The complete DNA sequence of the PHO5 gene including 5' and 3' noncoding flanking regions was determined as shown in Figure 4 . The PHO5 gene was found to contain no intervening sequence from the fact that the amino acid composition in the open reading frame agreed with that estimated by amino acid analysis of the purified repressible APase (Table 1) . This is consistent with the results of Kramer and Andersen (8) that the size of mRNA transcribed from the PHO5 gene was about 1,500 nucleotide long.
Bostian et al (39) reported that three polypeptldes with molecular weight of 60,000 (P60), 58,000 (P58) and 56,000 (P56) were detected by immuno-precipitation with anti-repressible APase antibody of ±n^ vitro translation products of mRNA from cells cultivated in derepressed condition.
From the analysis of mutants, the PH05 gene was shown to code for a 60,000 dalton polypeptide (P60) (39) . Our result of SDS gel electrophoresis (Fig.3) also 
